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PREFACE 


Ten  experiments  were  conducted  at  the  Coastal  Engineering  Research 
Center  (CERC)  from  1970  to  1972  as  part  of  an  investigation  of  the  Labora- 
tory Effects  in  Beach  Studies  (LEBS) , to  relate  wave  height  variability 
to  wave  reflection  from  a movable-bed  profile  in  a wave  tank.  The  inves- 
tigation also  identified  the  effects  of  other  laboratory  constraints. 

The  work  was  carried  out  under  the  CERC  coastal  processes  program. 

This  report  (Vol.  II),  the  second  of  a series  of  eight  volumes, 
analyzes  two  movable-bed  experiments  which  show  that  wave  height  varia- 
bility depends  on  a complex  relationship  between  profile  changes  and  wave 
reflection.  The  experiments  suggest  that  tank  width  and  length,  and  water 
temperature  affect  laboratory  profile  development  and  that  under  common 
laboratory  conditions  the  profiles  approach  equilibrium  more  slowly  than 
normally  assumed.  This  study  is  aimed  directly  at  the  problems  of  the 
laboratory  researcher  or  engineer  in  charge  of  a model  study;  ultimately, 
the  results  will  be  of  use  to  field  engineers  in  the  analysis  of  model 
studies. 

Volume  I of  this  series  documents  the  procedures  used  in  the  10 
movable-bed  laboratory  experiments,  and  also  serves  as  a guide  for  con- 
ducting realistic  coastal  engineering  laboratory  studies.  Volumes  II  to 
VII  are  data  reports  for  the  other  experiments;  Volume  VIII  is  a final 
analysis  report. 

This  report  was  prepared  by  Charles  B.  Chesnutt,  principal  investiga- 
tor during  the  data  analysis  and  report  preparation  phases  of  the  work, 
and  Robert  P.  Stafford,  senior  technician  in  charge  of  the  two  experiments. 
Dr.  C.J.  Galvin,  Jr.,  Chief,  Coastal  Processes  Branch,  was  the  principal 
investigator  during  the  planning  and  conduct  of  these  two  experiments 
and  the  early  stages  of  the  data  reduction. 

Comments  on  this  publication  are  invited. 
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UNITS  OF  MliASURbMhNT 


U.S.  customary  units  of  measurement  used  in  this  report  can  lie  converted 
to  metric  (SI)  units  as  follows: 


Mul t iply 

by 

To  obtain 

i nches 

25.4 

mi  1 1 i meters 

2.54 

centimeters 

square  inches 

6.452 

square  centimeters 

cubic  inches 

16.  39 

cubic  centimeters 

feet 

30.48 

centimeters 

0. 3048 

meters 

square  feet 

0.0929 

square  meters 

cubic  feet 

0.0283 

cubic  meters 

yards 

0.9144 

meters 

square  yards 

0.  836 

square  meters 

cubic  yards 

0 . 76  4 6 

cubic  meters 

mi  les 

1.6093 

k i 1 omete rs 

square  miles 

259.0 

hectares 

knots 

1 . 85  32 

kilometers  per  hour 

acres 

0.4047 

hectares 

foot-pounds 

1.3558 

newton  meters 

mi  1 1 i bars 

1.0197  x 

10" 3 kilograms  per  square  centimeter 

ounces 

28.  35 

grams 

pounds 

453.6 

grams 

0.45 36 

kilograms 

c+ 

O 

C 

1.0160 

metric  tons 

ton,  short 

0.9072 

metric  tons 

degrees  (angle) 

0.1745 

radi ans 

Fahrenhei  t degrees 

5/9 

Celsius  degrees  or  Kelvins1 

xTo  obtain  Celsius 

(C)  temperature  readings  from  Fahrenheit  (F)  readings. 

use  formula:  C = 

(5/9)  (F  -32) 

• 

To  obtain  Kelvin 

(K)  readings. 

use  formula:  K = (5/9)  (F  -32)  + 273.15, 
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LABORATORY  EFFECTS  IN  BLAG  I STUDIES 


Volume  II.  Movable-Bed  Experiments  with 
%/hQ  = 0.021  (.1970) 

by 

Charles  B.  Chesr.utt  and  Robert  F.  Stafford 

I.  INTRODUCTION 

1 . Background. 

Wave  heights  in  movable-bed,  coastal  engineering  laboratory  experiments 
and  models  vary  both  in  space  and  time  (Fig.  1).  Such  variability  is  com- 
mon over  the  constant  depth  section  of  wave  tanks  with  movable  beds 
(Savage,  19b2;  Faircnild,  1970a,  1970b;  Galvin  and  Stafford,  1970).  Because 
wave  height  enters  many  coastal  engineering  formulas  to  the  second  or  third 
power,  small  variations  in  laboratory  wave  height  can  cause  large  errors 
when  extrapolated  to  prototype  conditions.  Wave  height  variability  is  one 
of  several  laboratory  effects,  separate  from  scale  effects,  which  can 
hinder  attempts  to  solve  coastal  engineering  problems  in  the  laboratory. 

The  Laboratory  Effects  in  Beach  Studies  (LEBS)  project  was  initiated 
in  1966  to  investigate  the  causes  of  variation  in  wave  heights  observed 
in  longshore  transport  experiments  in  the  Shore  Processes  Test  Basin  (SPT'B) 
at  the  Coastal  Engineering  Research  Center  (CERC) . Originally,  wave  height 
variability  was  thought  to  be  caused  by  either  resonance,  generator  mal- 
function, or  inaccuracies  in  the  wave  gages.  However,  preliminary  experi- 
ments indicated  that  wave  reflection  from  the  movable-bed  profile  and 
variation  in  the  reflection  as  the  profile  adjusted  to  wave  attack  were 
the  major  causes  of  wave  height  variability.  Since  reflection  occurs 
naturally  when  waves  travel  onto  a beach,  reflection  cannot  be  eliminated. 
Therefore,  t he  emphasis  of  the  LEBS  experiments  has  been  to  learn  hew 
reflection  is  affected  by  naturally  occurring  changes  on  the  beach  in  order 
that  coastal  engineering  laboratory  studies  can  be  better  interpreted. 

A total  of  10  detailed  LEBS  experiments  were  conducted,  and  this  report 
(Vol.  II)  discusses  the  first  2 experiments  completed  in  1970.  The  other 
eight  experiments  are  discussed  in  five  data  reports  (Vols.  Ill  to  VII) 
as  part  of  a series  of  eight  reports  on  LEBS.  Volume  l of  the  series 
(Stafford  and  Chesnutt,  1977)  discusses  the  contents  and  primary  purposes 
of  the  reports. 

The  two  experiments  covered  in  this  study  have  also  been  discussed  in 
part  in  earlier  reports.  Chesnutt,  et  al.  (1972)  discussed  the  develop- 
ment of  the  profiles  in  four  LEBS  experiments,  including  the  two  in  this 
study.  Chesnutt  and  Galvin  (1974)  analyzed  the  relationship  between 
reflection  variability  and  profile  development  in  the  same  four  experiments 
discussed  by  Chesnutt,  et  al.  (1972).  Chesnutt  (1975)  analyzed  other  lab- 
oratory effects  observed  in  three  LEBS  experiments,  including  one  of  the 
two  in  this  volume. 
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Distance  from  Original  SWL  Intercept  (m) 

Figure  1.  Examples  of  wave  height  variability  in  long,  narrow  tank. 
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Experimental  Procedures. 


The  experimental  procedures  used  in  the  LEES  experiments  are  described 
in  Volume  I (Stafford  and  Chesnutt,  1977)  which  provides  the  necessary 
details  on  the  equipment,  quality  control,  data  collection,  and  data  reduc- 
tion for  all  10  experiments.  An  appendix  to  this  study  documents  the  data 
collection  and  reduction  procedures  unique  to  these  two  experiments.  The 
conditions  of  the  two  LEBS  experiments  (70X-06  and  70X-10)  are  summarized 
in  Table  1.  The  table  shows  that  the  initial  slope,  water  depth,  wave 
period,  wave  height,  and  sand  size  were  the  same  in  the  two  experiments. 


Table  1.  Summary  of  experimental  conditions. 


Experiment1 

Initial  test 

Initial 

Wave 

Generated 

length 

slope 

period 

wave  height 

(ft) 

(s) 

(ft) 

70X-06 

100.  0 

0. 10 

1.90 

0.36 

70X-10 

61.7 

0. 10 

1.90 

0.36 

^efer  to  Volume  1 (Stafford  and  Chesnutt,  1-977)  for 
relation  between  these  experiments  and  the  other  eight 
LEBS  experiments. 


NOTE. --Constants  for  the  two  experiments:  dso  (by  dry 

sieve  analysis)  of  quartz  sand  = 0.23  millimeter; 
water  depth  = 2.33  feet;  wave  energy  flux  = 5.8  foot- 
pounds per  second-foot. 


Two  experimental  facilities  were  used  (see  Figs.  3,  4,  and  5 of  Vol . 
I).  Each  facility  consisted  of  two  side-by-side  wave  tanks,  one  with  a 
0.10  concrete  slope  and  the  other  a sand  slope  (also  discussed  in  Sec. 
II,  2).  The  generator  at  the  other  end  was  common  to  both  of  the  tanks 
so  that  each  had  identical  wave  energy  input.  The  operation  of  the  gen- 
erators is  described  in  Section  IV  and  Appendix  B of  Volume  I.  The  con- 
crete slope  provided  a control  (a  bench-mark  value)  for  the  varying 
reflection  measured  in  the  neighboring  tank  with  the  movable  bed. 


The  basic  difference  between  the  two  facilities  was  the  tank  width. 

One  pair  of  tanks,  each  6 feet  (1.8  meters)  wide,  was  used  for  experiment 
70X-06;  the  other  pair,  each  10  feet  (3  meters)  wide,  was  used  for  experi- 
ment 70X-10.  The  initial  test  length,  from  generator  to  Stillwater  level 
(SWL)  intercept  on  the  slope,  was  100  and  61.7  feet  (30.5  and  18.8  meters) 
in  experiments  70X-06  and  70X-10,  respectively  (Table  1) . 


During  the  experiments,  it  became  evident  that  the  backshore  length 
was  too  short,  because  the  steady  erosion  of  the  sand  slope  caused  the 
shore  to  reach  the  end  wall  of  the  tank  after  54  hours  in  experiment 
70X-06  and  after  62  hours  in  experiment  70X-10.  From  then  until  the  end 
of  the  experiments,  sand  was  periodically  added  to  the  backshore  to  main- 
tain an  adequate  supply.  In  effect,  the  erosion  was  stabilized  by 
beach  replenishment. 
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The  initial  grading  of  the  sand  slope  in  experiment  70X-10  was  on  7 
May  1970,  the  first  run  was  on  14  May  1970,  and  the  last  run  was  on  30 
November  1970  after  210  hours.  Data  collection  was  completed  2 December 
1970.  Experiment  70X-06  was  begun  10  August  1970,  was  stopped  on  5 
December  1970  after  175  hours,  and  the  data  collection  completed  15 
December  1970.  The  dates  are  important  because  the  experiments  were  run 
in  outdoor  facilities  with  water  temperature  varying  with  ambient  air  tem- 
perature. The  major  events  of  each  experiment  and  the  cumulative  time  at 
the  end  of  each  run  are  summarized  in  Table  2. 

Table  3 gives  the  data  collection  schedule  within  each  run  for  1-,  2-, 
and  5-hour  runs.  During  the  first  2 hours  when  the  runs  were  less  than  1 
hour  long,  the  same  data  were  collected,  with  the  schedule  depending  on 
the  length  of  the  run. 

3.  Scope . 

This  report  describes  and  analyzes  the  reduced  data  from  LEBS  experi- 
ments 70X-06  and  70X-10.  The  original  data  are  available  in  an  unpublished 
laboratory  memorandum  (Chesnutt , 1977)  filed  in  the  CERC  library  (CERTI-Li). 

Wave  reflection,  profile  surveys,  sediment-size  distribution,  breaker 
characteristics,  and  water  temperature  are  discussed  in  the  following 
section.  Section  III  discusses  (a)  profile  development,  which  examines 
the  interrelation  of  changes  in  profile  shape,  sediment-size  distribution, 
breaker  characteristics,  and  water  temperature;  and  (b)  profile  reflec- 
tivity, which  examines  the  interrelation  of  changes  in  profile  shape, 
breaker  characteristics,  and  wave  reflection.  Section  IV  discusses  the 
results  of  wave  height  variability,  profile  equilibrium,  and  other  labora- 
tory effects. 

The  conclusions  and  recommendations  (Sec.  V)  are  aimed  directly  at  the 
problems  of  the  laboratory  researcher  or  engineer  in  charge  of  a model 
study.  Field  engineers  should  be  aware  of  these  conclusions  and  recommen- 
dations when  discussing  and  analyzing  model  studies  of  their  projects. 

The  data  in  this  study  (particularly  the  profiles)  may  have  other 
uses.  The  researcher  can  use  these  data,  after  consideration  of  the  lab- 
oratory effects,  to  analyze  short-  and  long-term  changes  in  profile  shape. 
After  an  analysis  of  the  scale  effects,  the  field  engineer  may  use  these 
data  to  determine  generalized  shoreline  recession  rates. 

II.  RESULTS 

1 . Wave  height  Variability. 

a.  Incident  Wave  Heights.  Wave  height  measurements  from  the  contin- 
uous recording  of  water  surface  elevation  along  the  center  range  at  station 
+25  during  the  first  10  minutes  of  each  experiment  are  shown  in  Table  4. 

The  wave  heights  in  the  movable-bed  tanks  varied  from  0.09  to  0.38  foot 
(2.7  to  11.6  centimeters)  in  experiment  70X-06,  and  from  0.15  to  0.45  foot 


1 


12 


Table  2.  Experimental  schedule  for  experiments  70X-0O  and  70X-10. 


Experiment  70X-06 


Experiment  70X-10 


lWave  records  were  taken  during  run  ending  at  cumulative  time  shown; 
surveys,  sand  samples,  and  ripple  photos  were  taken  after  the  run  ending 
at  the  cumulative  time  shown  (see  also  Table  3). 

2 Increments  of  1. 
increments  of  2. 

4 Increments  of  S. 


Tab le  3.  Data  collection  schedule  within  runs  for  experiments 
70X-06  and  70X-10. 


Time 

within  runs  (hrimin)1 

Lvent 

1-hr  runs 

2-hr  runs 

5-hr  runs 

Photo  of  foreshore  before 
start 

before  start 

before  start 

before  start 

Photos  of  breaker  and 
runup 

0:01 

0:01 

0:01 

photos  of  breaker  and 
runup  before  wave 
envelope 

0:19 

0:59 

3:59 

Recording  of  wave 
envelope  started 

0:20 

1:00 

4:00 

Photos  of  breaker  and 
runup 

0:59 

1:59 

4:59 

Photo  of  foreshore  after 
water  surface  had  calmed 

after  stop 

after  stop 

after  stop 

Profile  survey 

Water  temperature  data 
collected  in  morning  and 
afternoon  of  each  day  of 
testing;  however,  there 
may  have  been  more  than 
one  run  during  each  day. 

after  stop 

. 

after  stop 

after  stop 

^See  Table  2 for  distribution  of  1-,  2-,  and  5-hour  runs. 
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Table  4.  Wave  heights  during  first  10  minutes  for  experiments 
70X-06  and  70X-10. 


Cumulative 
time 
(min: s) 


-O^O1 

-0:40 

-1:00 

-2:00 

-3:00 

-4:00 

-5:00 

-6:00 

-7:00 

-8:00 

-9:00 

-10:00 


-0 : 202 

-0:40 

-1:00 

-2:00 

-3:00 

-4:00 

-5:00 

-6:00 

-7:00 

-8:00 

-9:00 

-10:00 


Wave 

period 

(s) 


Wave  height  (ft) 


Movabl e-bed 

tank 

(max) 

(min) 

(avg.) 

Fixed-bed  tank 

(max)  (min)  (avg.) 


Experiment  70X-06 


avg. 

0.323 


Experiment  70X-10 


0.332 
0.354 
0.355 
0.378 
0.360 
0.396 
0.385 
0.396 
0.404 
0.377 
0 . 394 
0.384 


avg. 

0.383 


0.310  0.333 


0.309  0.324 


0.305  0.320 

avg. 

0.326 


0.394 


0.396 


avg. 

0.374 


lrrhis  group  includes  waves  2 to  11;  wave  2 is  the  very  small  wave 
and  wave  6 is  the  high  wave. 

2This  group  includes  waves  2 to  11;  wave  2 is  the  very  small  wave 
and  wave  7 is  the  high  wave. 
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(4.6  to  13.1  centimeters)  in  experiment  7QX-1Q.  Ignoring  the  first  group 
of  10  waves,  the  wave  heights  differed  within  the  first  10  minutes  by  as 
much  as  0.07  foot  (2.1  centimeters)  in  experiment  70X-06  and  0.10  foot 
(3.0  centimeters)  in  experiment  70X-10.  This  difference  suggests  that  the 
reflection  from  the  movable-bed  profile  was  varying  significantly  during 
the  initial  run.  As  expected,  the  wave  heights  varied  less  in  the  fixed- 
bed  tanks,  varying  0.04  foot  (1.2  centimeters)  in  experiment  70X-06  and 
0.05  foot  (1.5  centimeters)  in  experiment  70X-10. 

The  average  wave  height  for  each  record  was  determined  by  averaging 
the  average  of  the  last  10  waves  in  the  last  20-second  interval  for  each 
10  minutes.  In  experiment  70X-06,  the  average  wave  height  was  0.32  foot 
(9.8  centimeters);  in  experiment  70X-10  the  height  was  0.38  foot.  Neither 
of  these  values  can  be  compared  to  the  nominal  generated  wave  height  0.36 
foot  (11  centimeters)  as  indicated  in  Volume  I,  because  the  position  of 
the  gage  between  nodes  and  antinodes  of  the  reflected  wave  envelope  is 
unknown.  Since  the  waves  were  recorded  at  the  same  distance  from  the 
reflector,  the  difference  in  the  wave  heights  is  likely  due  to  the  differ- 
ence in  the  initial  test  length  as  the  result  of  secondary  waves  or  re- 
reflection from  the  wave  generator.  There  was  little  difference  in  the 
average  wave  heights  between  the  movable-  and  fixed-bed  tanks  for  either 
experiment. 

The  average  incident  wave  heights  from  the  two  experiments  are  shown 
in  Table  5.  These  heights  were  determined  by  averaging  all  the  wave 
heights  on  a given  envelope  as  part  of  the  automated  method  for  determin- 
ing the  K/j  (see  Vol . I).  The  values  determined  in  the  fixed-bed  tanks 
indicate  that  the  generator  operation  variation  and  measurement  errors  in 
both  movable-  and  fixed-bed  tanks  were  ±0.005  foot  (±0.15  centimeter)  in 
experiment  70X-06  and  ±0.015  foot  (±0.45  centimeter)  in  experiment  70X-10. 

The  wave  height  in  the  movable-bed  tank  in  experiment  70X-06  varied 
from  0.32  to  0.38  foot  and  in  experiment  70X-10  from  0.34  to  0.39  foot 
(10.4  to  11.9  centimeters).  The  variation  not  attributable  to  generator 
variation  and  measurement  error  is  likely  due  to  re-reflection  from  the 
wave  generator  superposing  with  the  generated  wave  creating  a different 
incident  wave. 

b.  Reflection  from  the  Movable-Bed  Profile.  In  measuring  the  reflec- 
tion coefficient  from  a wave  envelope  recorded  by  a slowly  moving  gage 
(see  Vol.  I),  it  is  assumed  that  the  reflection  coefficient  does  not  change 
during  the  5 to  7 minutes  required  to  make  the  recording. 

Table  6 gives  the  reflection  coefficient  versus  time  data  for  experi- 
ments 70X-06  and  70X-10  as  determined  by  the  manual  method. 

(1)  Experiment  70X-06.  Figure  2 shows  the  reflection  coefficient, 
Kfl,  versus  time  data  for  experiment  70X-06  for  all  time  and  for  the  first 
10  hours  at  a larger  horizontal  scale.  During  the  first  10  hours,  the 
Kft  varied  between  0.20  and  0.08.  At  10  to  25  hours,  remained  fairly 

constant  (0.14  to  0.16)  and  then  dropped  to  0.08  at  31  hours.  From  33  to 


Tab*e  5.  Incident 
70X-00 


wave  height 
and  70X-10. 


(ft)  l'or  experiments 


Time 

(hr) 

Experiment  70X-06 

Experiment  70X-10 

Movable  bed 

Fixed  bed 

Movable  bed 

Fixed  bed 

0.5 

0.37 

0.37 

— 

— 

0.8 

— 

— 

0.38 

0.38 

0.8 

— 

— 

0.39 

0.38 

1.8 

0.38 

0.36 

0.38 

0.37 

L . 8 

— 

— 

0.3b 

0.37 

4.3 

— 

0.37 

0.37 

— 

4.3 

0.35 

0.37 

0.37 

0.37 

9.3 

— 

— 

0.36 

0.35 

9.3 

0.34 

0.36 

0.36 

.... 

19 

— 

— 

0.37 

0.36 

19 

0.32 

0.37 

0.37 

0.36 

27 

0.35 

0.37 

— 

— 

27 

0.35 

0.37 

.... 

.... 

29 

— 

— 

0.34 

0.3S 

29 

— 

— 

0.34 

0.35 

39 

— 

0.39 

0.35 

0.35 

39 

0.34 

0.37 

0.35 

0.35 

49 

0.33 

0.37 

.... 

.... 

49 

0.33 

0.37 

— 

51 

— 

— 

0.36 

0.36 

51 

— 

— 

0.36 

0.36 

S3 

0.33 

0.37 

.... 

.... 

53 

0.33 

0.37 

— 

— 

59 

0.33 

0.37 

0.37 

0.35 

59 

0.33 

0.37 

0.37 

0.35 

65 

— 

— 

0.37 

0.35 

65 

— 

— 

0.36 

0.35 

69 

0.35 

0.37 

— 

— 

69 

0.35 

0.37 

— 

— 

77 

— 

— 

0.36 

0.35 

77 

— 

— 

0.36 

0.35 

79 

0.34 

0.37 

— 

— 

79 

0.33 

0.37 

— 

— 

89 

0.35 

0.36 

0.38 

0.35 

89 

0.35 

0.36 

0.37 

0.35 

99 

0.3b 

0.37 

0.36 

0. 36 

99 

— 

0.36 

0.36 

0.35 

124 

0.  34 

0.37 

0.37 

0.3b 

124 

0.34 

0.36 

0.38 

0.36 

149 

— 

— 

0.38 

0.36 

149 

.... 

— 

0.37 

0.35 

169 

— 

— 

0.36 

0.36 

169 

.... 

.... 

0.36 

0.35 

Table  6.  Reflection  coefficients  versus 


time  data  for  experiments 
70X-06  and  70X-10  (manual 
method) .--Continued 


Experiment 

70X-06 

Experiment 

70X-10 

Cumulative 

*/? 

Cumulative 

time 

time 

(hr) 

(hr) 

99 

0.123 

109 

0.144 

104 

0.116 

119 

0.144 

109 

0.141 

124 

0.1S4 

114 

0.122 

129 

0.133 

119 

0.1S2 

134 

0.138 

124 

0.197 

139 

0.168 

129 

0.177 

144 

0.150 

134 

0.140 

149 

0.1S2 

139 

0.162 

1S4 

0.160 

144 

0.148 

1S9 

0.168 

149 

0.142 

164 

0.164 

1S1 

0.1S2 

169 

0.166 

JSO 

0.184 

174 

0.183 

164 

0.192 

179 

0.1S4 

169 

0.168 

TV 

0.187 

174 

0.160 

0.148 

0.120 

^ ‘ 

0.118 

204 

0.096 

209 

0.144 
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95  hours,  K,y  was  lower  and  varied  between  0.09  and  0.14;  after  95  hours, 
k,  fluctuated  between  0.12  and  0.20  and,  in  general,  increased.  The 
largest  values  of  K.-,  occurred  at  124  and  164  hours. 

(2)  hxperiment  70X-10.  Figure  3 shows  k^  versus  time  for 
experiment  70X-10  for  all  time  and  for  the  first  10  hours  at  a larger 
horizontal  scale.  During  the  first  20  hours,  k^>  varied  from  0.10  to 
0.16,  and  between  21  and  89  hours,  Kp>  ranged  from  0.04  to  0.12.  From 
89  to  184  hours,  k^>  increased  from  0.08  to  0.19  and  after  184  hours, 
k.  decreased  to  as  low  as  0.10  at  204  hours.  The  maximum  values  occurred 
at  139,  174,  and  184  hours. 

c.  Fvaluation  of  Automated  Method  for  Determining  Kn.  The  reflection 

coefficient  versus  time  data  for  experiments  70X-06  and  70X-10  as  deter- 
mined by  the  automated  method  are  shown  in  Table  7.  Volume  I discusses 
the  procedure  and  the  programs  used  in  the  automated  method.  Plots  of 
reflection  coefficient  versus  time  from  the  movable-bed  profile  for  the 
two  experiments,  as  determined  by  both  manual  and  automated  methods,  are 
shown  in  Figures  4 and  5.  The  automated  method  gave  consistently  lower 
values,  but  the  time  variation  in  reflection  was  similar.  Manual  values 
versus  automated  values  for  the  two  experiments  are  shown  in  a scatter 
plot  of  the  k;.>  data  (Fig.  6).  Lines  through  the  data  points  lie  above 
and  parallel  to  the  perfect  correlation  line,  indicating  that  the  auto- 
mated method  gives  consistently  lower  values  and  that  the  difference  was 
not  a function  of  the  magnitude  of  the  reflection  coefficient.  The  auto- 
mated K,y  values  averaged  0.05  lower  in  experiment  70X-06  and  0.04  lower 
in  experiment  70X-10. 

d.  Reflection  from  the  Fixed- Bed  Profile.  The  average  k>.  from  the 
fixed-bed  profile  was  0.05  in  experiment  70X-00  and  the  values  varied  from 
0.05  to  0.06  (Table  7).  In  experiment  70X-10,  the  values  ranged  from  0.03 
to  0.07  and  the  average  was  0.04.  The  small  variation  in  the  k^  for 
the  fixed-bed  profile  indicates  that  the  wave  generator  was  performing 
consistently.  The  variation  also  indicates  that  the  measurement  of  k,-, 
from  a wave  envelope  recorded  by  a slow-moving  wave  gage  can  vary  by  ±0.02. 
The  large  values  of  k^>  from  the  movable  bed  were  not  the  result  of  any 
change  in  the  generator,  because  the  k^  values  from  the  fixed  bed 
remained  at  their  usual  values  (Table  7). 

2 . Profile  Surveys. 

a.  Interpretation  of  Contour  Movement  Plots.  The  profile  surveys 
(discussed  in  Vol.  I)  measured  the  three  space  variables  of  onshore- 
offshore  distance  (station),  alongshore  distance  (range),  and  elevation 
at  fixed  times  (Table  2)  during  the  experiment.  The  CONPLT  method  (Fig. 
7,b)  for  presenting  the  data  involves  fixing  the  alongshore  distance  by 
selecting  data  from  a given  range  and  analyzing  the  surveys  along  that 
range.  The  surveyed  distance-elevation  pairs  along  that  range  are  used 
to  obtain  the  interpolated  position  of  equally  spaced  depths;  e.g.  , -0.1, 
-0.2,  and  -0.3  on  the  hypothetical  profile  in  Figure  7(a).  These  contour 
positions  from  each  survey  arc  then  plotted  against  time  (Fig.  7,b). 
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Not  analyzed  by  this  method 
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Manual  Method 
Automated  Method 
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F i gure  5 . 
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Lower  values  and  similar  K^,  trend  from  automated  method  in 
experiment  70X-10. 


Elevation 


Distance  along  Tank  Cumulative  Time 

a Profile  Line  b.  Movement  of  Contour  Position 


A horizontal  line  in  Figure  7(h)  represents  no  change  in  contour  posi- 
tion. An  upward-sloping  line  indicates  landward  movement  of  contour  posi- 
tion (i.e.,  erosion);  a downward- sloping  line  indicates  deposition.  The 
slope  of  a line  indicates  the  horizontal  rate  of  erosion  or  deposition  at 
that  elevation.  The  three  x's  at  time  tj  (Fig.  7,b)  indicate  multiple 
contour  positions  at  elevation  -0.2  which  is  shown  by  the  intersection  of 
the  dash  line  with  profile  t2  in  Figure  7(a). 

Three  types  of  contour  movement  plots  included  in  this  study  are: 

(a)  The  seawardmost  intercepts  along  one  range  for  any 
or  all  depths; 

(b)  the  seawardmost  intercepts  for  one  depth  along  all 
ranges;  and 

(c)  all  contour  intercepts  along  one  range,  for  up  to 
12  selected  depths. 

The  coordinate  system  used  for  the  contour  movement  plots  is  shown  in 
Figure  8. 


The  following  elevations  arc  referred  to  in  the  discussion  that  follows 
±0.2  foot  (±6.1  centimeters),  -0.5  foot  (-9.1  centimeters),  -0.4  foot 
(-12.2  centimeters),  -0.5  foot  (-15.2  centimeters),  -0.6  foot  (-18.5  centi- 
meters), -0.7  foot  (-21.5  centimeters),  -0.8  foot  (-24.4  centimeters), 

-0.9  foot  (-27.4  centimeters),  -1.0  foot  (-50.5  centimeters),  -1.1  feet 
(-55.5  centimeters),  -1.2  feet  (-56.6  centimeters),  -1.5  feet  (-59.6  centi- 
meters), -1.4  feet  (-42.7  centimeters),  -1.5  feet  (-45.7  centimeters), 

-1.6  feet  (-48.8  centimeters),  -2.0  feet  (-61.0  centimeters),  and  -2.1 
feet  (-64.0  centimeters). 

b.  Profile  Zones.  Definitions  of  coastal  engineering  terms  used  in 
LbBS  reports  conform  to  Allen  (1972)  and  U.S.  Army,  Corps  of  engineers, 
Coastal  engineering  Research  Center  (1975).  However,  the  boundary  between 
the  foreshore  and  inshore  zones  is  defined  in  these  reports  as  the  lower 
limit  of  backrush  (low  water  line)  and  is  at  elevation  -0,2  foot. 

The  seaward  edge  of  the  inshore  zone  is  defined  as  extending  from  the 
low  water  line  through  the  breaker  zone.  The  boundary  between  the  inshore 
and  offshore  zones  is  at  elevation  -0.8  foot. 

A definition  sketch  of  the  profile  zones  is  shown  in  Figure  9.  The 
profile  in  each  experiment  developed  in  a similar  sequence,  barly  pro- 
files (broken  line  in  Fig.  9)  had  a steep  foreshore,  a short  inshore  zone 
with  a longshore  bar,  and  a gently  sloping  offshore  zone.  Later  profiles 
(dashline  in  Fig.  9)  also  had  a steep  foreshore  zone,  but  the  inshore  zone 
widened  to  a long,  flat  shelf  which  terminated  in  a relatively  steep  off- 
shore zone.  This  development  is  shown  by  contour  movement  plots  (Figs. 

ID  to  17)  of  the  seawardmost  contour  intercepts  for  elevations  at  0.1- 
foot-depth  increments  from  +0.2  to  -2.1  feet.  Figures  10  to  12  are  for 
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figure  14.  Profile  changes  along  range  3,  experiment  70X-10. 
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Figure  15.  Profile  changes  along  range  5,  experiment  70X-10. 
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ranges  1,  5,  and  5 in  experiment  70X-06;  Figures  13  to  17  are  for  ranges 
1,  3,  5,  7,  and  9 in  experiment  70X-10.  The  heavier  lines  for  the  -0.2- 
and  -0.8-foot  contours  distinguish  the  three  profile  zones  in  the  figures. 
In  the  foreshore  and  offshore  zones  the  contour  lines  are  close  together 
indicating  steeper  slopes;  in  the  inshore  zone  the  lines  are  spaced  farther 
apart  indicating  flatter  slopes. 

(1)  Foreshore  Zone.  Within  the  first  hour  of  each  experiment, 
the  foreshore  developed  the  basic  shape  which  it  maintained  throughout 
the  experiments,  as  shown  in  the  contour  movement  plots  of  the  foreshore 
zone  for  the  first  10  hours  of  experiments  70X-06  (Fig.  18)  and  70X-10 
(Fig.  19).  The  foreshore  slope  and  length  remained  fairly  constant,  but 
not  the  foreshore  position  (see  Figs.  10  to  17).  The  foreshore  retreated 
as  material  was  eroded  from  the  foreshore  and  the  backshore  (upward- sloping 
lines  in  the  figures).  The  foreshore  position  was  stabilized  (horizontal 
contour  lines  in  Figs.  10  to  17)  by  the  backshore  nourishment  beginning  at 
54  hours  in  experiment  70X-06  and  62  hours  in  experiment  70X-10. 

Although  the  contour  lines  of  the  foreshore  zone  moved  together,  the 
lines  were  not  always  parallel,  indicating  a variation  in  foreshore  slope 
with  time  at  each  range  (Figs.  10  to  17).  Table  8 gives  slope  values  at 
the  SWL  intercept  for  the  regularly  surveyed  profiles  in  experiments 
70X-06  and  70X-10.  The  steepest  slope  was  about  0.60,  but  at  any  one  time 
the  slope  along  any  range  may  have  been  much  flatter.  The  average  slope 
was  0.19  in  experiment  70X-06  and  0.20  in  experiment  70X-10. 

The  lateral  variation  in  the  slope  of  the  foreshore  developed  as  a 
result  of  concentrations  of  backwash,  which  created  gullies,  or  flatter 
slopes  (Fig.  20).  The  shape  of  the  scarp  formation  and  the  schematic 
diagram  of  flow  in  this  figure  demonstrate  the  process  of  erosion.  A ridge 
extends  seaward  from  the  point  of  the  scarp  (A  in  Fig.  20)  to  the  intersec- 
tion with  the  beach  face  at  its  steepest  slope.  Because  the  slope  and  the 
elevation  of  the  berm  crest  are  greatest  along  this  range,  less  water 
washes  over  the  crest  and  more  water  rushes  directly  back  to  form  the 
reflected  wave.  The  backrush  velocity  is  greatest  in  the  vicinity  of  C in 
Figure  20,  thus  maintaining  the  steepest  slope;  the  overwash  velocity  is 
least,  thus  eroding  less  from  the  scarp  and  maintaining  the  point  at  A. 

The  part  of  the  uprush  that  washes  over  the  crest  divides  along  the 
ridge,  proceeds  laterally  in  either  direction,  and  erodes  material  from  the 
scarp  until  the  landward  velocity  component  reaches  zero  (B  in  Fig.  20). 

The  lateral  velocity  component  is  still  great  enough  to  move  sediment  and 
the  backwash  flows  into  the  gully,  carrying  some  of  the  sediment  eroded 
from  the  scarp  out  to  the  toe  of  the  foreshore  zone.  When  the  backwash 
in  the  gully  (where  the  volume  is  greatest)  meets  the  incident  wave,  the 
seaward  velocity  of  the  backwash  decreases  to  zero  and  deposits  sediment 
at  the  toe  of  the  foreshore.  This  action  causes  a longer,  flatter  region 
below  the  SWI,  intercept  at  this  range.  The  interference  of  the  backwash 
with  tlie  incident  wave  decreases  the  uprush  in  the  region  of  the  gully  and 
prevents  sediment  from  being  deposited  on  the  upper  part  of  the  beach  face, 
thus  maintaining  the  flatter  slope.  Because  the  incident  waves  meet  less 
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interference  in  the  steeper  region  near  C (in  Fig.  20) , the  uprush 
between  A and  B is  greater,  erodes  farther  into  the  scarp,  and  carries 
more  sediment  into  the  gully,  further  generating  the  three-dimensional 
system  of  flow  and  erosion. 

After  this  erosion  process  has  progressed  a while,  the  uprush  no 
longer  has  sufficient  velocity  to  erode  material  between  points  A and  B 
(Fig.  20),  the  sediment  moving  into  the  gully  decreases,  the  interference 
between  the  backwash  in  the  gully  and  the  incident  wave  decreases,  and 

the  uprush  increases  in  the  region  of  the  gully.  Then,  the  uprush  begins 

to  erode  material  from  other  areas  of  the  scarp,  and  changes  the  positions 
of  the  gully  and  the  steep  region. 

Fven  though  the  foreshore  shape  varied  laterally  and  the  slope  of  the 
foreshore  along  any  range  varied  with  time,  the  average  slope  of  the  fore- 
shore did  not  vary  with  time. 

The  shoreline  (0  contour)  movement  along  the  several  ranges  for  the 
two  experiments  is  compared  in  Figure  21.  The  slope  of  the  0 contour 
line  indicates  the  shoreline  recession  rate.  Because  the  slope  of  the 
backshore  was  0.10  (and  not  flat),  the  volume  rate  of  erosion  was  propor- 
tional to  the  square  of  the  shoreline  recession  rate. 

In  experiment  70X-10,  the  shoreline  recession  rate  between  12  and  62 
hours  averaged  0.08  foot  per  hour  (2.4  centimeters  per  hour).  However,  in 
experiment  70X-06,  a significant  increase  occurred  in  the  retreat  rate 
during  the  first  50  hours.  The  rate  was  0.06  foot  per  hour  (1.8  centimeters 
per  hour)  before  22  hours  and  0.14  foot  per  hour  (4.2  centimeters  per  hour) 
after  22  hours.  The  calculation  of  these  rates  is  shown  in  Table  9. 

After  the  beach  had  eroded  to  the  back  of  the  tank  and  the  backshore 
nourishment  began,  the  position  of  the  foreshore  was  stabilized  (the 
Appendix  discusses  the  procedures  used  in  nourishment).  Table  10  gives 
data  on  weight  of  sand  added  to  the  backshore  in  each  experiment  in  10- 
hour  increments  and  the  average  weight  for  a 10-hour  increment.  In  experi- 
ment 70X-10,  the  greatest  backshore  erosion  occurred  between  130  and  150 
hours  and  between  170  and  180  hours;  the  least  erosion  occurred  between 
62  and  70  hours  and  between  160  and  170  hours.  In  experiment  70X-06,  the 
greatest  erosion  was  between  90  and  100  hours  with  minimal  erosion  between 
60  and  70  hours  and  between  170  and  175  hours. 

(2)  Inshore  Zone.  Within  the  first  hour  of  each  experiment , a 
longshore  bar  developed  at  the  shoreward  end  of  the  inshore  zone  between 
elevations  -0.2  and  -0.5  foot.  Later,  but  at  different  times,  the  bar 
disappeared,  the  area  between  -0.2  and  -0.5  foot  steepened,  and  a long, 
flat  shelf  developed  between  elevations  -0.5  and  -0.8  foot.  The  shelf 
continued  to  grow  in  length  for  the  remainder  of  the  experiments.  Changes 
in  the  inshore  zone  for  each  experiment  are  divided  into  an  inner  region 
(between  -0.2  and  -0.5  foot)  and  an  outer  region  (between  -0.5  and  -0.8 
foot) . 


(a)  Inner  Region  (experiment  70X-0O).  1'hc  movement  of  all 
contour  intercepts  in  the  inshore  zone  along  the  three  ranges  for  experiment 
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Figure  21.  Comparison  of  t lie  shoreline  (0  contour)  movement  in 
experiments  70X-06  and  70X-10. 


Table  10.  Weight  of  sand  added  to  backshore 
(in  10-hour  intervals). 


Time  interval 
(hr) 

Weight  (lb) 

10-ft  tank 

6-ft  tank 

00:00  to  10:00 

0 

0 

10:01  to  20:00 

0 

0 

20:01  to  30:00 

0 

0 

30:01  to  40:00 

0 

0 

40:01  to  50:00 

0 

0 

50:01  to  60:00 

0 

155.13 

60:01  to  70:00 

140.19 

85.00 

70:01  to  80:00 

341.31 

120. 75 

80:01  to  90:00 

217.94 

281.56 

90:01  to  100:00 

515.63 

416.25 

100:01  to  110:00 

502.63 

177.56 

110:01  to  120:00 

254.50 

202.69 

120:01  to  130:00 

540.00 

265.13 

130:01  to  140:00 

451.00 

245.38 

140:01  to  150:00 

454.15 

200.81 

150:01  to  160:00 

262.19 

167.51 

160:01  to  170:00 

168.50 

224.56 

170:01  to  180:00 

439.13 

44.65 

180:01  to  190:00 

279.75 

190:01  to  200:00 

295.81 

200:01  to  210:00 

200.00 

Totals 

4,442.71 

2 , 564 . 76 

Avg.  for  10-hr  increment 

296.18 

205.18 

70X-06  is  shown  in  Figures  22,  23,  and  24;  the  movement  of  selected  indi- 
vidual contours  along  the  three  ranges  is  compared  in  Figure  25. 


During  the  first  10  minutes  of  testing  a bar  formed  at  station  4 by 
plunging  breakers,  and  within  4 hours  the  elevation  of  the  bar  had  reached 
-0.3  foot  (triangles  in  Figs.  22,  23,  and  24).  Between  4 and  8 hours  the 
bar  moved  shoreward  and  then  remained  at  station  2 until  22  hours.  After 
22  hours  the  bar  moved  seaward  to  station  2.5  and  the  elevation  fluctuated 
between  -0.3  and  -0.4  foot,  as  indicated  in  the  figures  by  the  shifting 
of  the  seawardmost  contour  for  -0.3  foot.  After  54  hours  the  bar  disap- 
peared, evidenced  by  the  shoreward  movement  of  the  -0.4 -foot  contour. 

The  inner  region  maintained  a fairly  stable,  gently  sloping  shape  from  66 
to  155  hours  and  after  155  hours  developed  a steep  slope  (close  spacing 
of  the  -0.2-,  -0.3-,  and  -0.4-foot  contours  in  Figs.  22,  23,  and  24). 

The  movements  of  the  -0.2-  and  -0.4-foot  contours  are  compared  in 
Figure  25.  No  lateral  variation  apparently  occurred  in  the  changes  of 
the  inner  region,  other  than  minor  differences  in  the  elevation  of  the 
bar  crest  between  22  and  54  hours  (see  comparison  of  the  -0.2-  and  -0.4- 
foot  contours  for  the  three  ranges  in  Fig.  25). 

(b)  Outer  Region  (Experiment  70X-06).  During  the  first  22 
hours  little  change  occurred  in  this  region,  only  the  slight  erosion  evi- 
denced by  the  retreat  of  the  -0.5-foot  contour  (Figs.  22,  23,  and  24)  as 
the  bar  formed  in  the  inner  region.  After  22  hours  the  deposition  of  sand 
in  the  offshore  was  sufficient  to  move  the  -0.8-foot  contour  in  the  sea- 
ward direction  and  thus  form  a nearly  flat  shelf  between  the  0.5-  and  0.8- 
foot  depths.  After  the  large  deposition  between  22  and  26  hours  (seaward 
movement  of  the  -0.6-,  -0.7-,  and  -0.8-foot  contours),  the  shelf  in  the 
outer  inshore  continued  to  grow  as  more  material  was  deposited  offshore, 
as  indicated  by  the  seaward  movement  of  the  -0.8-foot  contour.  The  shore- 
ward movements  of  the  -0.5-  and  -0.6-foot  contours  follow  the  erosion  of 
the  bar  in  the  inner  region  and  result  in  the  further  development  of  the 
flat  shelf  in  the  outer  region. 

The  shoreward  edge  of  the  shelf  or  outer  region  stabilized  after  66 
hours,  and  the  seaward  edge  (-0.8-foot  contour)  reached  equilibrium  at 
100  hours.  After  100  hours,  the  seaward  movements  of  the  -0.6-  and  -0.7- 
foot  contours  indicated  that  some  material  was  being  deposited  in  this 
outer  region.  What  might  be  considered  small  bars  (difference  between 
crest  and  trough  elevations  was  generally  less  than  0.2  foot)  were  formed 
at  stations  8.5  and  4.5  (Figs.  22,  23,  and  24). 

The  only  significant  lateral  variations  in  this  outer  inshore  was  the 
depth  over  the  bars  at  stations  8.5  and  4.5.  After  135  hours  the  elevation 
of  the  bar  at  station  4.5  was  -0.5  foot  along  range  1 (Fig.  22),  -0.6  foot 
along  range  5 (Fig.  23),  and  -0.7  foot  along  range  5 (Fig.  24);  the  eleva- 
tion at  station  8.5  was  generally  -0.7  foot,  but  at  different  times  along 
the  three  ranges  reached  an  elevation  -0,6  foot.  The  movements  of  the 
-0.6-  and  -0.7-  and  -0.8-foot  contours  along  the  three  ranges  (Fig.  25) 
show  that  lateral  variations  are  quite  small. 
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Figure  24.  Changes  in  the  inshore  zone  along  range  5,  experiment  70X-06 
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Comparison  of  the  -0.2-,  -0.4-,  -0.6-,  -0.7-,  anil  -0.8-foot 
contour  movements  in  experiment  70X-0(i. 


(c)  Inner  Region  (Experiment  70X-10) . The  inshore  zone  in 
the  10-foot  tank  developed  in  a pattern  similar  to  that  in  the  6-foot  tank, 
but  at  a different  rate  of  change.  Contour  movement  in  the  inshore  along 
the  five  ranges  for  experiment  70X-10  is  shown  in  Figures  26  to  30;  the 
movement  of  selected  individual  depths  along  the  five  ranges  is  compared 
in  Figure  51. 

Within  the  first  10  minutes  of  testing  a longshore  bar  formed  at  sta- 
tion 4 by  plunging  breakers.  After  10  hours  the  bar  position  stabilized 
at  station  3,  with  the  elevation  of  the  crest  varying  from  -0.3  to  -0.4 
foot,  as  shown  by  the  shifting  of  the  -0.3-foot  contour  (see  Figs.  26  to 
30).  At  56  hours  the  bar  began  to  disappear  and  was  completely  eroded 
by  90  hours,  as  evidenced  by  the  movement  of  the  -0.4-foot  contour  inter- 
cepts in  the  figures. 


Between  70  and  94  hours  the  inner  inshore  region  was  eroded,  and  from 
94  to  160  hours  this  region  had  a fairly  stable  slope.  After  160  hours 
the  inner  inshore  along  ranges  1 and  3 steepened  (Figs.  26  and  27)  and 
along  ranges  5,  7,  and  9 was  stable  (Figs.  28,  29,  and  30). 

The  movement  of  the  seawardmost  contour  intercepts  for  -0.2  and  -0.4 
foot  is  compared  in  Figure  31.  The  lateral  variation  in  changes  of  the 
inner  inshore  is  exhibited  particularly  at  the  0.4 -foot  depth.  The  ero- 
sion of  the  bar  began  sooner  along  ranges  1 and  3 than  along  range  5,  and 
much  later  along  ranges  7 and  9. 


(d)  Outer  Region  (Experiment  70X-10).  During  the  first  14 
hours  of  testing  little  significant  change  occurred  in  the  outer  region, 
only  slight  erosion  at  0.5-  and  0.6-foot  depths  as  a result  of  formation 
of  the  bar  in  the  inner  region.  After  14  hours  the  -0.8-foot  contour  began 
moving  seaward  as  a result  of  the  deposition  offshore.  After  36  hours  the 
-0.5-foot  contour  moved  shoreward  as  the  inner  inshore  was  eroded.  From 
56  to  94  hours  the  shorewardmost  -0.6-foot  contours  (see  Figs.  26  to  30) 
moved  shoreward  creating  the  wide  outer  region.  There  was  no  significant 
lateral  variation  in  the  movement  of  the  seaward  edge  of  the  outer  region 
(-0.8-foot  contours  in  Fig.  31).  However,  a significant  lateral  variation 
occurred  in  the  depth  of  the  outer  region.  The  movements  of  the  -0.6-  and 
-0.7-foot  contours  (Fig.  31)  partially  indicate  the  variat ion--the  depth 
over  this  shelf  increased  from  range  1 to  range  9.  The  depths  along  range 
1 (Fig.  26)  varied  between  0.6  and  0.7  foot,  along  range  3 (Fig.  27)  was 
generally  0.7  foot  and  occasionally  0.6  foot,  along  range  5 (Fig.  28)  was 
0.7  to  0.8  foot  (twice  reached  a depth  of  0.6  foot),  along  range  7 (Fig. 

29)  varied  between  0.7  and  0.8  foot,  and  along  range  9 (Fig.  50)  varied 
between  0.7  and  0.9  foot. 


(3)  Offshore  Zone.  The  offshore  zone  was  essentially  a zone  of 
deposition.  Initially,  the  deposited  material  formed  a steeper  slope  in 
this  zone  and  later  the  zone  prograded  seaward  as  more  material  was 
deposited. 
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Figure  26.  Changes  in  the  inshore  zone  along  range  1,  experiment  70X-10 
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Changes  in  the  inshore  zone  along  range  5,  experiment  70X-10 
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Figure  30.  Changes  in  the  inshore  zone  along  range  9,  experiment  70X-10. 
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(a)  Experiment  70X-06.  'Hie  offshore  zone,  extending  from  the 
seaward  edge  of  the  inshore  zone  to  the  seaward  edge  of  sand,  developed 
from  the  initial  0.10  slope  to  a relatively  steep  slope  as  a result  of  the 
deposition  of  material  seaward  of  the  breaker  (see  Figs.  10  to  13).  The 
initial  deposition  during  the  first  5 hours  was  at  depths  greater  than  1.1 
feet  and  less  than  1.0  feet  between  stations  11  and  16  as  shown  by  the 
seaward  movement  of  the  -1.2-,  -1.3-,  -1.4-,  and  -1.5-foot  contours  (Figs. 

10  to  13).  Between  5 and  22  hours,  material  was  deposited  at  depths  greater 
than  0.8  foot.  The  movement  of  the  contour  intercepts  between  24  and  100 
hours  indicates  sand  was  deposited  at  all  depths  greater  than  -0.7-foot 

and  as  sand  was  deposited  at  the  edge  of  the  inshore  zone  (0.8-foot  depth) 
it  slid  down  the  steep  slope.  After  100  hours  the  -0.8-  and  -0.9-foot 
contours  moved  little,  and  the  area  seaward  of  -1.1 -foot  elevation  became 
even  steeper  as  material  was  deposited  between  the  -0.9-  and  -1.1-foot 
elevations. 

No  apparent  significant  lateral  variations  occurred  in  the  offshore 
zone  of  the  o-foot  tank,  as  shown  in  Figure  32  which  compares  movements 
of  the  -0.9-,  -1.5-,  and  -2.0-foot  contours. 

(b)  Experiment  70X-10.  During  the  first  5 hours  most  of  the 
sediment  was  deposited  at  depths  greater  than  -1.0  foot  and  less  than  -1.5 
feet  (Figs.  15  to  17).  After  5 hours  the  contour  intercepts  for  depths  of 
-1.0,  then  -0.9,  and  then  -0.8  foot  began  moving  offshore,  indicating  that 
material  was  being  deposited  in  the  same  area.  As  more  material  moved  into 
this  area,  a steeper  slope  developed  and  the  contour  intercepts  for  depths 
greater  than  -1.4  feet  moved  offshore  as  material  slid  down  this  steep 
face. 

Movement  of  the  -0.9- , -1.3-,  and  -2.0-foot  contours  along  the  five 
ranges  is  compared  in  Figure  33.  After  the  first  5 hours,  material  was 
moved  offshore  at  a greater  rate  along  range  1 and  and  at  a slower  rate 
along  range  9.  The  contour  intercept  for  -2.0  feet  moved  farther  offshore 
along  range  9.  Along  range  1 and  range  3 (Figs.  13  and  14)  the  offshore 
was  steeper;  along  range  7 and  range  9 (Figs.  16  and  17)  the  offshore  zone 
was  slightly  flatter  and  extended  farther  offshore. 

3.  Sediment -Si ze  Pistribut ion. 

The  sand  for  these  experiments  was  the  same  sand  used  by  Savage  (1959, 
1962)  and  Fairchild  (1970a,  197 Oh ) . The  median  diameter  of  the  Rapid  Sedi- 
ment Analyzer  (RSA)  method  was  generally  0.04  millimeter  greater  than  that 
determined  by  the  dry  sieve  method  (see  Vol.  I for  details  of  procedures 
used  in  determining  grain  sizes).  The  data  reported  are  the  RSA  values, 
not  because  these  values  are  more  reliable,  but  rather  because  all  the  data 
in  experiments  70X-06  and  70X-10  were  reduced  by  this  method. 

The  collection  of  sediment  samples  was  not  included  in  the  experimental 
program  until  near  the  end  of  the  1970  experiments.  As  a result,  no  data 
on  the  actual  initial  grain-size  distribution  exist.  The  RSA  median  grain 
size  of  the  sediment  used,  when  well  mixed  at  the  beginning  of  the  1971 
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Figure  32.  Comparison  of  the  -0.9-,  -1.3-,  and  -2.0-foot  contour 
movements  in  experiment  70X-00. 
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Figure  33.  Comparison  of  the  -0.9-,  -1.3-,  and  -2.0-foot  contour 
movements  in  experiment  70X-10. 


experiments,  was  0.27  millimeter  (1.92  phi)  (see  Vol.  I).  Some  gravel  was 
removed  from  the  sediment  before  the  1971  experiments.  Therefore,  the  ini- 
tial sediment-size  distribution  for  the  1970  experiments  was  greater  than 
0.27  millimeter  by  an  unknown  amount. 

Data  from  experiment  70X-06  at  150  hours  and  from  experiment  70X-10  at 
200  hours  are  given  in  Table  11.  The  median  grain  size  on  the  foreshore 
was  generally  0.35  millimeter.  At  the  toe  of  the  foreshore  (elevation- 
-0.2  foot),  the  median  grain  size  was  0.38  millimeter  or  greater.  The 
median  grain  size  decreased  in  the  offshore  direction  to  0.22  millimeter 
in  the  offshore  zone. 

4.  Breaker  Characteristics. 


a.  Breaker  Position  with  Time  and  Depth.  Data  collection  and  reduc- 
tion procedures  for  breaker  characteristics  are  discussed  in  the  Appendix. 

A plot  of  breaker  position  superimposed  on  a plot  of  contour  movement  along 
range  3 for  experiment  70X-06  is  shown  in  Figure  54.  During  the  initial 

32  hours  of  testing  the  wave  broke  at  a depth  of  approximately  0.5  foot 
(between  stations  3.5  and  5.0).  From  32  to  42  hours  the  breaker  position 
moved  from  station  4.0  to  6.5.  This  shift  in  breaker  position  occurred 
after  the  shelf  in  the  outer  region  of  the  inshore  zone  began  to  develop. 
From  42  to  78  hours  the  breaker  position  continued  to  move  offshore  as  the 
seaward  edge  of  the  inshore  zone  moved  seaward.  From  98  hours  until  the 
end  of  the  test  the  wave  broke  at  a depth  of  0.7  foot. 

A similar  plot  of  breaker  position  superimposed  on  a plot  of  contour 
movement  with  time  for  experiment  70X-10  is  shown  in  Figure  35.  During 
the  first  40  hours  the  wave  broke  between  stations  4.0  and  5.5,  at  a depth 
of  0.4  to  0.5  foot.  Up  to  12  hours  the  wave  broke  uniformly  across  the 
tank;  after  12  hours  the  wave  broke  first  along  range  1.  After  40  hours 
the  breaker  position  gradually  moved  seaward  as  the  outer  edge  of  the  in- 
shore zone  moved  seaward.  The  inshore  zone  formed  more  gradually  in  the 
10-foot  tank  and  there  were  no  rap^d  changes  in  the  breaker  position. 

From  40  to  86  hours  the  wave  broke  at  a depth  of  0.6  foot  and  after  86 
hours  at  a depth  of  0.7  foot.  However,  the  important  distinction  is  that 
the  breaker  position  did  not  occur  at  the  seawardmost  position  of  the 
-0.7-foot  contour  intercept  as  in  the  o-foot  tank. 

b.  Breaker  Type  with  Position,  Time,  and  Depth.  Up  to  40  hours  the 
breaker  in  experiment  70X-06  was  a plunging-type  breaker.  Between  40  and 
45  hours  the  breaker  type  changed  from  plunging  to  spilling  and  then 
remained  a spilling-type  breaker  until  the  end  of  the  experiment.  The 
change  in  breaker  type  occurred  as  the  breaker  position  moved  offshore  to 
a depth  of  0.6  foot.  Similarly,  in  experiment  70X-10,  the  breaker  type 
changed  from  plunging  to  spilling  as  the  breaker  position  moved  to  a depth 
of  0.6  foot. 

5.  Water  Temperature. 

Figure  36  gives  data  on  daily  average  water  temperature  versus  time 
for  experiments  70X-06  and  70X-10.  Since  water  temperature  was  not 
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Table  11.  Sedir.ent-si:e  analysis  by  RSA  r.ethod  for 
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measured  before  13  July  1970,  no  data  are  available  from  0 to  38  hours  in 
experiment  70X-10. 

111.  PROFILE  DEVELOPMENT  AND  REFLECTIVITY 

Results  are  analyzed  by  (a)  profile  development,  in  which  the  inter- 
dependence of  the  changes  in  the  profile  shape,  sediment-size  distribution, 
breaker  characteristics,  and  water  temperature  is  analyzed;  and  (b)  profile 
reflectivity,  in  which  changes  in  profile  shape  and  breaker  characteristics 
are  related  to  the  variability  of  the  reflection  coefficient.  Profile 
development  is  discussed  first  to  provide  an  introduction  to  profile  reflec- 
tivity. 

1 . Profile  Development. 

a.  Experiment  70X-06.  Important  changes  in  the  foreshore,  inshore, 
and  offshore  zones,  the  breaker  conditions,  and  water  temperatures  are  sum- 
marized in  Table  12.  The  daily  mean  water  temperature  and  the  shoreline 
position  are  compared  in  Figure  37. 

During  the  first  hour,  the  foreshore  zone  developed  the  basic 
shape  which  was  maintained  throughout  the  remainder  of  the  experiment,  and 
a longshore  bar  was  formed  by  the  plunging  breaker  in  the  inner  inshore 
region.  During  the  first  22  hours  the  foreshore  retreated  at  an  average 
of  0.0b  foot  per  hour,  while  the  water  temperature  was  near  28°  Celsius. 

Most  of  the  eroded  material  was  deposited  at  depths  greater  than  1.1  feet 
during  the  first  5 hours  and  greater  than  0.8  foot  between  5 and  22  hours. 

From  22  to  30  hours  the  foreshore  retreated  considerably  faster  (an 
average  of  0.14  foot  per  hour)  coincidental  with  a temperature  drop  of 
10°  Celsius  (see  Fig.  37).  This  increased  erosion  created  a much  wider 
inner  region  in  the  inshore  zone  and  most  of  the  eroded  material  was 
deposited  between  22  and  2b  hours  at  depths  of  0.7  and  0.8  foot,  forming 
the  flat  shelf  in  the  outer  region  of  the  inshore  zone  and  the  relatively 
steep  slope  in  the  offshore  zone.  After  2b  hours  the  material  was  deposited 
at  a depth  of  0.8  foot,  the  seaward  edge  of  the  inshore. 

From  30  to  44  hours  the  shoreline  retreat  and  the  stability  of  the 
liar  created  a wider  inner  region  of  the  inshore  zone.  The  breaker  began 
moving  seaward,  breaking  at  a depth  of  O.b  foot,  and  after  40  hours, 
changed  from  plunging  to  spilling. 

After  44  Hours  the  position  of  the  foreshore  stabilized  and  the  shelf 
in  the  outer  region  of  the  inshore  zone  began  to  widen  as  sediment  was 
eroded  at  depths  of  0.5  and  O.b  foot.  The  beach  had  eroded  to  the  back  of 
the  tank  at  54  hours  and  sand  replenishment  began  at  that  time.  After  54 
hours  the  bar  in  the  inner  region  of  the  inshore  zone  began  to  disappear, 
and  the  breaker  moved  seaward,  breaking  at  a depth  of  0.7  foot.  The  outer 
region  continued  to  extend  seaward  as  material  eroded  from  the  backshore 
was  deposited  on  the  steep  offshore  slope.  After  bb  hours  the  shape  of 
the  inner  inshore  became  stable. 
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Figure  37.  Comparison  of  daily  mean  water  temperatures  and  shoreline 
positions  in  experiments  70X-06  and  70X-10. 


After  1UU  hours  the  position  of  the  outer  edge  of  the  inshore  zone 
became  stable  and  the  material  was  deposited  farther  offshore  in  depths 
greater  than  0.9  foot.  After  135  hours  the  inner  region  of  the  inshore 
zone  was  again  eroded,  creating  a steeper  slope  in  this  region,  while  the 
temperature  dropped  below  10°  Celsius.  The  material  was  deposited  at  the 
outer  edge  of  the  inshore  zone  in  depths  of  0.6  and  0.7  foot. 

The  definite  decrease  in  median  grain  size  in  the  seaward  direction 
indicates  that  the  finer  material  was  eroded  from  the  nearshore  and  depos- 
ited offshore,  as  expected. 

b.  Experiment  70X-10.  Important  changes  in  the  profile  shape,  breaker 
condition,  and  water  temperature  are  summarized  in  Table  13.  The  daily 
mean  water  temperature  and  the  shoreline  position  are  compared  in  Figure  37. 

During  the  first  10  hours  the  foreshore  retreated  at  an  average  rate 
of  0.05  foot  per  hour.  As  the  foreshore  retreated,  a bar  was  formed  in 
the  inner  inshore  region  by  the  plunging  breaker  and  the  eroded  material 
was  deposited  at  depths  greater  than  0.9  foot. 

From  12  to  62  hours  the  foreshore  retreated  at  a faster  rate  (approxi- 
mately 0.08  foot  per  hour).  This  further  widened  the  inner  region  as  the 
position  of  the  -0.5-foot  contour  remained  stationary  during  the  first  50 
hours.  As  the  material  was  deposited  offshore,  the  seaward  edge  of  the 
inshore  zone  (-0.8-foot  depth)  moved  seaward,  creating  a flatter  outer 
region  of  the  inshore  zone  and  a steeper  offshore  slope. 

After  40  hours  the  breaker  began  to  move  seaward  (with  the  -0.6-foot 
contour),  and  between  62  and  70  hours  the  breaker  type  changed  from  plung- 
ing to  spilling  as  the  slope  in  the  inshore  zone  became  flatter.  After 
84  hours  the  waves  broke  at  a depth  of  0.7  foot.  From  40  to  94  hours  the 
bar  in  the  inner  inshore  disappeared  as  the  breaker  moved  seaward  and 
changed  from  plunging  to  spilling. 

No  apparent  lateral  variation  occurred  in  the  development  of  the  outer 
edge  of  the  inshore  zone;  i.e.,  the  movement  of  the  -0.8-foot  contour 
intercept.  However,  the  changes  within  the  inshore  zone  did  vary  laterally. 
Along  each  profile,  as  the  bar  in  the  inner  region  disappeared,  the  shelf 
in  the  outer  region  developed  (see  Fig.  21).  The  time  when  this  change 
occurred  varied  laterally  across  the  tank,  starting  first  along  range  1 
and  later  along  range  9. 

The  inner  inshore  remained  stable  from  94  to  160  hours  while  the  beach- 
fill  material  was  eroded  at  the  average  or  an  above  average  rate  and  was 
deposited  in  the  offshore  zone.  After  125  hours,  more  material  was  depos- 
ited on  the  left  side  (ranges  5,  7,  and  9)  than  on  the  right  (ranges  1 and 
3). 

After  160  hours,  however,  the  beach-fill  material  was  eroded  at  an 
average  or  below  average  rate  while  the  inner  inshore  along  ranges  1 and  3 
experienced  further  erosion.  If  the  experiment  had  continued  past  210 
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hours,  further  erosion  of  the  inner  inshore  would  possibly  have  continued 
across  the  tank  forming  the  steep  slope  just  below  the  foreshore,  similar 
to  experiment  70X-06.  After  160  hours  the  profiles  varied  considerably 
across  the  tank.  Along  range  1 the  inner  region  of  the  inshore  was  very 
steep,  the  shelf  at  station  +8  reached  an  elevation  of  -0.5  foot  at  times, 
and  the  offshore  region  was  very  steep,  with  the  toe  of  the  offshore  at 
station  23.  In  contrast,  along  range  9,  the  inner  region  was  fairly  flat, 
the  shelf  elevation  at  station  +8  was  only  rarely  above  -0.8  foot,  and 
the  offshore  zone  was  flatter,  with  the  toe  of  the  offshore  at  station  25. 
The  profiles  along  ranges  3,  5,  and  7 varied  progressively  between  these 
two  shapes. 

The  definite  decrease  in  the  median  grain  size  in  the  seaward  direction 
indicates  that  material  eroded  from  the  upper  part  of  the  profile  and  depos- 
ited offshore  was  generally  finer,  as  would  be  expected. 

c.  Comparison  of  the  Two  Experiments.  The  general  shape  of  the  pro- 
files and  tne  sequence  of  events  during  the  development  of  the  profiles 
appeared  to  be  similar  in  the  two  experiments.  Also,  neither  profile 
reached  equilibrium.  However,  there  were  differences  in  the  rate  of  devel- 
opment and  the  profiles  in  the  wider  tank  exhibited  some  significant  lat- 
eral variations  in  shape  which  did  not  occur  in  the  narrower  tank. 

(1)  Shoreline  Recession  Rate  and  Foreshore  Shape.  The  shoreline 
in  experiment  70X-10,  after  the  initial  development  during  the  first  12 
hours,  retreated  at  an  average  rate  of  0.08  foot  per  hour  for  the  next  50 
hours.  In  experiment  70X-06,  the  shoreline  retreated  at  a rate  of  0.06 
foot  per  hour  for  the  first  22  hours  and  then  increased  to  an  average  rate 
of  0.14  foot  per  hour  for  the  next  28  hours.  During  the  period  when  the 
shoreline  was  stabilized  by  filling  backshore,  the  erosion  rate  in  experi- 
ment 70X-06  was  3.53  pounds  per  hour  per  foot  (5.25  kilograms  per  hour  per 
meter)  of  the  beach  and  in  experiment  70X-10  was  3.00  pounds  per  hour  per 
foot  (4.46  kilograms  per  hour  per  meter)  of  the  beach,  or  nearly  the  same. 
There  were  no  apparent  differences  in  foreshore  shape. 

(2)  Inshore  Zone.  A bar  developed  in  both  tanks  almost  immedi- 
ately at  station  4 as  a result  of  the  plunging  breaker  and  the  position 
of  the  bar  remained  fairly  stable  until  the  bar  disappeared.  The  erosion 
of  the  bar  in  the  inner  region  created  the  wide,  flat  outer  region  of  the 
inshore.  There  are  two  significant  differences  between  the  two  tanks  in 
this  change.  In  the  6-foot  tank  this  change  (from  the  time  the  -0.4-foot 
contour  began  moving  shoreward  until  the  -0.5-foot  contour  stopped  moving 
shoreward)  occurred  in  about  20  hours  with  no  lateral  variation.  In  t he 
10-foot  tank  this  change  occurred  over  a 40-hour  period,  with  considerable 
lateral  variation  in  time  of  change.  The  erosion  of  the  bar  began  and 
ended  sooner  along  ranges  1,  3,  and  5 than  along  ranges  7 and  9. 

The  movement  of  the  seawardmost  -0.8-foot  contour  is  indicative  of 
the  deposition  of  material  offshore  and  seaward  development  of  the  inshore 
zone.  In  the  6-foot  tank  the  -0.8-foot  contour  moved  seaward  at  22  hours 
along  all  three  ranges;  in  the  10-foot  tank  this  change  occurred  at  16 
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hours  along  ranges  1 and  3,  at  IS  hours  along  range  5,  and  at  20  hours 
along  ranges  7 and  9.  Near  the  end  of  the  experiments  the  -0.8-foot  con- 
tour was  nearly  horizontal  indicating  possible  equilibrium  in  the  6-foot 
tank  and  was  sloping  downward  in  the  10-foot  tank  indicating  continued 
deposition  at  this  depth. 

After  the  outer  region  had  developed  into  a wide,  flat  shelf  after  76 
hours  in  the  6-foot  tank  and  after  94  hours  in  the  10-foot  tank,  the  depth 
over  the  shelf  varied  laterally.  In  the  6-foot  tank  the  depth  increased 
from  0.5  to  0.7  foot  from  range  1 to  5;  in  the  10-foot  tank  the  depth 
increased  from  0.5  foot  along  range  1 to  0.9  foot  along  range  9. 

Near  the  end  of  each  experiment  the  inner  region  was  further  eroded 
forming  a steeper  slope  just  below  the  foreshore.  In  the  6-foot  tank  this 
erosion  (movement  of  the  -0.5-foot  contour)  occurred  after  135  hours  and 
with  little  lateral  variation;  in  the  10-foot  tank  this  erosion  began  at 
160  hours  along  range  1 and  170  hours  along  range  3.  Similar  erosion  may 
have  begun  along  the  other  thiee  ranges  during  the  last  5 hours  of  testing 
as  shown  by  the  movement  of  the  0.2- foot  contour  along  range  5,  the  -0.2- 
and  -0. 3-foot  contours  along  range  7,  and  the  -0.2-,  -0.3-,  and  -0.4-foot 
contours  along  range  9 (see  Figs.  13  to  17). 

(5)  Offshore  Zone.  No  significant  difference  was  observed  between 
the  6-  and  10-foot  tanks  in  the  way  the  offshore  developed  initially,  and 
only  minor  differences  in  the  rate  of  deposition.  The  major  difference 
between  the  two  tanks  was  the  deposition  after  100  hours.  In  the  6-foot 
tank,  material  was  deposited  at  depths  of  1.0  foot  and  greater  and  the 
shoreward  boundary  (-0.8-foot  contour)  of  the  offshore  zone  was  stationary; 
in  the  10-foot  tank,  material  was  still  being  deposited  at  depths  of  0.8 
foot  and  greater  as  indicated  by  the  seaward  movement  of  the  -0.8-foot 
contour. 

The  6-foot  tank  had  little  lateral  variation  in  the  offshore  zone,  but 
the  10-foot  tank  had  significant  lateral  variation  in  rates  of  deposition 
offshore  and  some  lateral  variation  in  the  slope  of  this  zone.  Along  range 
1 the  offshore  was  very  steep  and  the  -2.1 -foot  contour  moved  only  1.5  feet 
in  the  210  hours.  Along  range  9 the  slope  was  not  as  great  and  the  -2.1- 
foot  contour  moved  4 feet  (1.22  meters)  in  the  210  hours. 

2.  Profile  Reflectivity. 

The  basic  profile  shapes  which  evolved  during  the  profile  development 
are  shown  in  Figure  9.  Early  profiles  (broken  line  in  Fig.  9)  had  a 
steep  foreshore,  a short  inshore  with  a longshore  bar  formed  by  the  plung- 
ing breaker,  and  a gently  sloping  offshore  zone.  Later  profiles  (dashline 
in  Fig.  9)  also  had  a steep  foreshore,  but  the  inshore  zone  widened  to  a 
long,  flat  shelf  which  terminated  in  a relatively  steep  offshore  zone. 

Chesnutt  and  Galvin  (1974)  discussed  the  processes  which  reflect  wave 
energy  from  the  movable  bed  in  these  experiments.  The  processes  include 
the  conversion  of  potential  energy  stored  in  runup  on  the  foreshore  into 
a seaward -traveling  wave,  t he  seaward  radiation  of  energy  from  a plunging 
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breaker,  and  reflection  of  the  incident  wave  from  the  movable  bed,  partic- 
ularly where  the  depth  over  the  movable  bed  changes  significantly.  Depth 
changes  are  significant  if  the  depth  difference  is  an  appreciable  fraction 
of  the  average  depth  over  a horizontal  distance  less  than  a wavelength. 

For  conditions  of  these  experiments,  the  wavelength  is  14.3  feet  (4.36 
meters)  in  the  section  seaward  of  the  movable  bed,  and  approximately  9 feet 
(2.74  meters)  over  the  inshore  zone. 

a.  Reflection  from  the  Foreshore.  The  foreshore  zone  developed  a 

relatively  stable  slope  within  the  first  hour  of  testing,  well  before  the 
other  elements  of  the  movable-bed  profile  had  become  prominent.  The  devel- 
oped foreshore  had  an  average  slope  of  0.19  in  experiment  70X-06  and  0.20 
in  experiment  70X-10  which  is  considerably  steeper  than  the  initial  0.10 
slope  of  the  movable  bed.  The  initial  high  values  of  are  probably 

the  result  of  reflection  from  the  foreshore  of  waves  which  dissipated 
relatively  little  energy  until  almost  at  the  foreshore.  Reflection  from 
the  foreshore  is  a function  of  the  height  of  the  wave  reaching  the  fore- 
shore, and  this  height  would  diminish  as  the  inshore  and  offshore  segments 
of  the  profile  (Fig.  9)  became  prominent. 

b.  Reflection  as  a Result  of  Wave  Breaking.  On  the  concrete  slab  the 
wave  broke  as  a plunging  breaker  and  on  the  movable-bed  profile  the  wave 
was  initially  a less  well-developed  plunger  and  evolved  to  a spilling 
breaker.  The  concrete  slab  had  the  same  slope  (0.10)  as  the  initial  slope 
of  the  movable  bed.  Because  the  total  reflection  was  significantly  less 

on  the  concrete  slab  (K^  = 0.05)  where  the  plunger  is  assumed  to  contribute 
relatively  more  to  the  total  reflection,  it  is  likely  that  reflection  from 
the  movable  bed  by  breaking  was  never  very  important,  and  became  less  impor- 
tant, as  the  breaker  type  changed  to  spilling. 

c.  bffect  of  Inshore  and  Offshore.  As  the  experiment  proceeded,  the 
inshore  widened  and  flattened  and  the  offshore  steepened.  At  first,  the 
widening  of  the  inshore  dominated;  the  lowering  of  the  reflection  after 
the  high  initial  values  (Figs.  2 and  3)  is  attributed  to  the  greater  energy 
dissipation  in  the  insho’''.  . The  later  steepening  of  the  offshore  correlates 
well  with  the  trend  towaid  higher  K^,  later  in  the  experiments  (compare  the 
offshore  contour  positions  in  Figs.  11  and  15  with  the  appropriate  reflec- 
tion curve  in  Figs.  2 and  5). 


With  the  development  of  the  two  reflecting  zones  (foreshore  and  off- 
shore) separated  by  a relatively  flat  inshore  zone,  the  measured  reflected 
wave  was  composed  of  two  waves  (one  from  the  offshore,  the  other  from  the 
foreshore).  A change  in  phase  or  amplitude  of  either  reflected  wave  would 
change  the  phase  and  amplitude  of  the  measured  wave.  Part  of  the  long-term 
Kfl  variability  can  be  attributed  to  the  change  in  phase  difference  between 
these  two  reflected  waves  as  the  foreshore  retreated  landward  and  the  off- 
shore built  seaward. 

Chesnutt  and  Galvin  (1974)  pointed  out  an  apparent  correlation  between 
the  movement  of  the  -0.7-foot  contour  and  the  variability  of  the  reflection 
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coefficient,  and  suggested  that  the  reflection  is  very  sensitive  to  small 
changes  in  the  depth  near  the  seaward  edge  of  the  inshore  zone.  These 
depth  changes  would  cause  variability  in  the  reflection  of  the  incident 
wave  from  the  offshore  slope  and  variability  in  the  amount  of  energy  trap- 
ped on  the  inshore  shelf. 

The  position  of  the  -0.7-foot  contour  and  the  reflection  coefficient 
versus  time  for  the  two  experiments  are  compared  in  Figures  38  and  39. 

The  seaward  movement  of  the  -0.7-foot  contour  is  an  indication  of  the 
development  of  the  steep  offshore  slope.  Both  figures  show  the  general 
increase  in  the  reflection  coefficient  as  the  -0.7-foot  contour  moved  sea- 
ward. In  Figure  38  (experiment  70X-06),  the  same  kind  of  fluctuations 
(but  not  as  great)  in  the  contour  position  and  reflection  coefficient 
appear  as  pointed  out  by  Chesnutt  and  Galvin  (1974).  The  large  fluctua- 
tions in  the  reflection  coefficient  near  the  end  of  experiment  70X-10 
(Fig.  39)  are  not  matched  by  large  movements  in  the  -0.7-foot  contour, 
r However,  some  lateral  variation  in  the  shape  of  the  inshore  and  offshore 

zones  occurred  in  the  10-foot  tank  (Fig.  40)  which  would  cause  lateral 
variations  in  reflection,  and  might  have  confused  the  reflection  measure- 
ments in  the  center  of  that  tank. 

IV.  DISCUSSION  OF  RESULTS 
1 . Wave  Height  Variability. 

Three  probable  causes  of  wave  height  variability  in  the  two  experiments 
are:  (a)  Wave  reflection  from  the  changing  profile,  (b)  re-reflection 

from  the  wave  generator,  and  (c)  secondary  waves.  Preliminary  experiments 
had  indicated  that  wave  reflection  from  the  movable-bed  profile  was  the 
major  cause  of  wave  height  variability  and  these  experiments  were  conducted 
primarily  to  quantify  the  amount  of  variability  due  to  reflection. 

3 

a.  Wave  Reflection  from  the  Profile.  The  varied  from  0.08  to 

0.20  in  experiment  70X-06  and  from  0.04  to  0.19  in  experiment  70X-10.  The 
K^.  values  during  the  development  of  the  foreshore  were  relatively  high, 
then  decreased  as  the  remainder  of  the  profile  began  to  adjust.  Later, 
after  the  profile  had  developed  a relatively  steep  offshore  slope,  the 
increased  and  the  variation  in  increased.  The  variations  appear  to 

have  been  caused  by  changes  in  the  shape  of  the  second  reflecting  surface 
and  by  the  gradual  separation  of  the  two  reflecting  surfaces  as  the  off- 
shore slope  prograded  seaward  (Chesnutt  and  Galvin,  1974). 

b.  Re-reflection  from  the  Generator.  The  reflected  wave  advanced  to 
the  generator  and  was  reflected.  As  the  height  of  the  reflected  wave 
varied,  the  height  of  the  re-reflected  wave  varied;  as  the  phase  difference 
between  the  reflected  wave  and  the  generator  motion  varied  with  changes 

in  the  profile,  the  height  and  phase  of  the  re-reflected  wave  varied.  The 
height  of  the  wave  incident  to  the  profile,  which  was  the  average  of  wave 
heights  along  the  full  tank  length  and  was  composed  of  the  generated  wave 
and  the  re-reflected  wave,  varied  from  0.32  to  0.38  foot  in  experiment 
70X-06  and  from  0.34  to  0.39  foot  in  experiment  70X-10.  Part  of  that 
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Cumulative  Time  ( hr ) 


Figure  38.  Comparison  of  reflection  coefficient  and  the  -0.7-foot 
contour  position  in  experiment  70X-06. 
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variation  (0.01  foot  or  0.3  centimeter  in  experiment  70X-06;  0.03  foot  or 
0.9  centimeter  in  experiment  70X-10)  could  be  attributed  to  measurement 
errors  or  to  variation  in  the  generated  wave.  The  remainder  of  the  vari- 
ation is  likely  due  to  re-reflection. 

c.  Secondary  Waves.  Along  the  length  of  the  tank,  between  the  gen- 
erator and  the  toe  of  the  profile,  wave  heights  varied  as  the  result  of 
secondary  waves.  Galvin  (1972)  and  Hulsbergen  (1974)  described  secondary 
waves  (called  solitons  by  Galvin)  and  their  effects.  Secondary  waves  can 
be  observed  on  the  records,  but  a detailed  analysis  of  wave  shape  was  not 
conducted  as  part  of  this  study. 

2.  Profile  Equilibrium. 

In  conducting  experiments  which  presume  the  existence  of  an  "equilib- 
rium" profile,  an  approximation  of  that  equilibrium  profile  should  be 
used  to  start  the  experiment  (see  Savage,  1959;  Fairchild,  1970a).  These 
experiments  were  extended  over  long  periods  (hours)  in  hopes  of  defining 
the  equilibrium  profile  for  the  given  wave  and  sediment  conditions.  The 
contour  position  lines  or  the  CONPLT  plots  in  the  offshore  zone  in  experi- 
ment 70X-06  were  approaching  horizontal  (or  equilibrium),  but  the  continued 
erosion  from  the  backshore  indicated  that  equilibrium  had  not  been  reached. 
Experiment  70X-10  showed  no  evidence  that  the  profile  was  close  to  equilib- 
rium. These  results  suggest  that  equilibrium  profiles  are  not  easily 
determined  (Chesnutt  and  Galvin,  1974;  Chesnutt,  1975). 

3.  Other  Laboratory  Effects. 

The  differences  in  test  conditions  (tank  width,  initial  test  length, 
and  uncontrolled  water  temperature)  provide  possible  explanations  for  the 
differences  in  profile  shape  discussed  in  Section  III,  lc,  but  also  pre- 
vent a rigorous  proof  of  the  effect  of  any  one  of  these  differences  as 
definite  causes.  Chesnutt  (1975)  discussed  the  effects  of  initial  test 
length  and  water  temperature. 

a.  Tank  Width.  Since  lateral  variations  in  profile  shape  occur  on 
natural  beaches,  the  occurrence  of  lateral  variations  in  the  two  tanks  is 
an  expected  difference.  The  profile  in  experiment  70X-06  can  be  considered 
a typical  two-dimensional  profile  for  the  particular  wave  conditions,  but 
the  variations  in  profile  shape  in  experiment  70X-10  indicate  that  the 
distance  between  the  tank  walls  had  an  effect  on  the  profile  shape.  The 
lateral  variations  in  the  10-foot  tank  indicate  greater  three-dimensional 
movement  of  sediment;  therefore,  a longer  time  is  required  to  move  the 
sediment  offshore,  accounting  for  at  least  part  of  the  difference  in  rate 
of  change. 

b.  Initial  Test  Length.  Changes  in  the  distance  from  the  wave  gen- 
erator to  the  profile  can  cause  a variation  in  the  velocity  field  under 
the  waves  at  the  toe  of  the  profile,  and  therefore  affect  the  rate  of 
profile  change  in  at  least  two  ways.  Hulsbergen  (1974)  has  shown  that  the 
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relative  position  of  secondary  waves  to  the  primary  wave  causes  a variable 
asymmetry  in  the  velocity  field  under  waves  and  resulting  variation  in  the 
shape  of  the  profile  and  rate  of  profile  change.  The  critical  distance 
in  cases  of  secondary  wave  occurrence  is  the  overtake  distance,  the  dis- 
tance from  the  generator  to  the  point  where  the  secondary  crest  of  the 
first  wave  has  been  overtaken  by  the  primary  crest  of  the  second  wave. 

The  over  ake  length  for  this  wave  condition  in  the  2.33-foot  (0.71  meter) 
water  depth  was  about  26  feet  (7.92  meters)  and  the  difference  in  initial 
test  lengths  was  39.3  feet  (12.0  meters).  Therefore,  secondary  waves 
could  account  for  the  difference  in  rate  of  profile  change. 

The  second  way  in  which  the  initial  test  length  can  be  important  is 
in  the  difference  (between  the  two  experiments)  of  the  phase  difference 
between  the  re-reflected  waves  and  the  generated  waves.  The  difference  in 
initial  test  lengths  was  39.3  feet  or  2.7  wavelengths.  The  average  inci- 
dent wave  height  for  the  first  20  hours  in  experiment  70X-06  was  0.35  foot 
(10.7  centimeters)  and  in  experiment  70X-10  was. 0.37  foot  (11.3  centimeters). 
However,  the  lower  incident  wave  height  is  associated  with  the  greater 
initial  erosion  rate.  Thus,  it  is  not  apparent  how  the  re-reflection 
affected  the  beach. 

c.  Water  Temperature.  The  water  temperature  varied  from  30°  to  7° 
Celsius  for  the  experiments  which  began  in  May  and  August  and  continued 
into  early  December.  The  dynamic  viscosity  varied  from  1.7  * lO-^  to 
3.0  x 10"^  pounds-second  per  square  foot  (0.798  x io~2  to  1.430  x io-2 
grams-second  per  square  centimeter)  (Daily  and  Harleman,  1966).  Quantifi- 
cation of  temperature  effects  is  not  possible  here  because  of  the  unquanti- 
fied effects  of  the  different  tank  dimensions  and  the  lack  of  temperature 
data  for  the  first  40  hours  of  experiment  70X-10.  However,  two  points 
can  be  made.  At  22  hours  in  experiment  70X-06,  the  water  temperature 
dropped  from  28°  to  18°  Celsius  and  the  rate  of  shoreline  recession  in- 
creased from  0.06  to  0.14  foot  per  hour  (Fig.  37).  This  supports  the 
hypothesis  that  colder,  more  viscous  water  increases  the  sediment  trans- 
port capacity  of  waves  (Fairchild,  1959).  The  gradual  increase  in  viscosity 
may  have  prevented  the  profile  from  reaching  equilibrium  by  continuing  to 
increase  the  sediment-carrying  capacity  of  the  water. 

V.  CONCLUSIONS  AND  RECOMMENDATIONS 

1 . Conclusions. 

(a)  In  two  experiments  with  a water  depth  of  2.33  feet,  a wave  period 
of  1.90  seconds,  and  a generator  stroke  of  0.39  foot,  the  nominal  incident 
wave  height  was  0.36  foot.  Reflection  measurements  in  the  control  tanks 
with  a fixed-bed  profile  varied  from  0.03  to  0.07,  indicating  that  the 
wave  generators  were  operating  uniformly  and  that  the  measurement  error 

in  determining  the  reflection  coefficient,  K^>,  was  10.02  (Table  6). 

(b)  varied  from  0.08  to  0.20  in  experiment  70X-06  and  from  0.04 
to  0.19  in  experiment  70X-10.  The  variation  in  Kf,  correlates  with  pro- 
file changes,  k;..  more  than  doubled  in  the  first  few  minutes  of  wave 
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action  on  the  movable  bed  due  to  development  of  the  steeper  foreshore. 
The  reflection  decreased  as  the  inshore  widened.  Later  increases  in 
occurred  when  the  offshore  steepened  (Figs.  2,  3,  38,  and  39). 
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(c)  Profiles  in  the  two  experiments  developed  in  the  same  sequence, 
but  did  not  reach  equilibrium  (Figs.  10  to  17). 

(d)  Within  the  first  hour  of  testing  the  foreshore  developed  a shape 
which  was  in  dynamic  equilibrium.  During  the  time  before  the  shoreline 
stabilization,  the  position  of  the  foreshore  retreated  at  average  rates 
which  varied  from  0.06  to  0.14  foot  per  hour  (Figs.  10  to  19;  Table  8). 

(e)  Changes  in  the  sediment-size  distribution  along  the  profile  appear 
to  be  measurable,  even  in  the  laboratory  with  the  use  of  fine  sand  (Table 

11). 

(f)  Lateral  variations  in  the  development  and  the  shape  of  the  in- 
shore zone  in  the  10-foot  tank  did  not  occur  in  the  narrower  tank,  indica- 
ting that  the  tank  width  may  have  affected  the  profile  development  (Figs. 

10  to  17  and  40) . 

(g)  Differences  in  the  rate  of  shoreline  erosion  and  profile  develop- 
ment may  have  been  caused  by  the  difference  in  initial  test  length,  which 
affects  secondary  waves  and  re-reflection  from  the  wave  generator  (Fig.  21). 

(h)  The  increase  in  the  rate  of  shoreline  recession  at  22  hours  in 
experiment  70X-06  occurred  coincidentally  with  a 10°-Celsius  drop  in  water 
temperature.  This  supports  the  hypothesis  that  colder,  more  viscous  water 
will  transport  more  sediment  (Fig.  37). 

2 . Recommendations . 

(a)  Because  of  varying  reflectivity  of  the  profiles,  incident  wave 
measurements  to  characterize  a three-dimensional  coastal  engineering 
experiment  should  be  based  on  calibration  of  the  wave  generator  rather 
than  isolated  wave  measurements  during  the  experiment. 

(b)  Lxperimenters  should  be  cautious  in  defining  equilibrium  profile 
conditions. 

(c)  When  conducting  movable-bed  experiments,  water  temperature  should 
be  kept  near  constant. 
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APPENDIX 


EXPERIMENTAL  PROCEDURES  FOR  7QX-Q6  AND  7GX-1Q 

This  appendix  documents  those  aspects  of  the  experimental  procedures 
which  were  unique  to  experiments  70X-06  and  70X-10.  The  procedures  common 
to  all  experiments  are  documented  in  Volume  I (Stafford  and  Chesnutt, 
(1977). 

1.  Data  Collection. 


a.  Regular  Data. 

(1)  Wave  Height  Variability.  Except  for  the  initial  10-minute 
run  of  each  experiment,  two  wave  envelopes  during  each  run  were  recorded 
with  wave  gages  moving  along  the  center  of  each  tank  between  stations 

+15  and  +90  in  experiment  70X-06  and  +15  and  +55  in  experiment  70X-10  with 
the  instrument  carriage  moving  at  a near-constant  speed  of  10  feet  per 
minute.  Wave  records  002  through  006  from  experiment  70X-06  contain  only 
the  envelopes  from  station  +15  to  +90,  because  the  runs  were  too  short  to 
permit  recording  of  two  envelopes. 

(2)  Beach  Nourishment.  These  two  experiments  were  unique  in  that 
after  54  hours  in  the  6-foot  tank  and  62  hours  in  the  10-foot  tank,  the 
beach  had  eroded  to  the  back  of  the  tank.  From  then  until  the  end  of  each 
experiment,  sand  was  periodically  added  to  the  backshore  to  maintain  an 
adequate  supply.  The  following  procedure  was  used  throughout  experiment 
70X-06  and  after  125  hours  in  experiment  70X-10,  to  determine  the  weight 
and  volume  of  sand  added.  (Between  62  and  125  hours  in  experiment  70X-10, 
only  the  weight  of  the  sand  was  determined.) 

(a)  A 1-pound  coffee  can,  in  good  condition,  with  a known 
weight,  diameter,  and  height  was  used. 

(b)  The  can  was  filled,  tapped  in  a "standard  manner",  and 
the  top  leveled. 

(c)  The  weight  of  the  full  can  was  recorded  to  the  nearest 
ounce. 

(d)  The  sand  was  dumped  into  a larger  bucket  for  temporary 
stockpile  until  the  backshore  was  rebuilt. 

From  54  to  92  hours  in  experiment  7QX-06  and  from  62  to  100  hours  in 
experiment  70X-10,  the  sand  was  added  only  between  runs  and  the  backshore 
was  rebuilt  to  provide  a uniform  fill  0.5  foot  wide  with  a vertical  face 
across  the  width  of  the  tanks  with  a top  elevation  of  0.67  foot.  After 
92  hours  in  experiment  70X-06  and  100  hours  in  experiment  70X-10,  sand  was 
added  to  the  backshore  as  needed  during  the  runs,  in  addition  to  rebuild- 
ing the  0.5-foot-wide  fill  between  runs. 

Determining  the  weight  and  volume  of  the  filled  cans  of  sand  does  not 
provide  actual  weight  or  actual  volume.  Without  measurements  of  the  mois- 
ture content  [bulk  densities  probably  ranged  from  114  to  125  pounds  per 
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cubic  foot  (personal  communication,  C.W.  Cailendar,  CERC,  4 May  1977)], 
the  data  on  sand  addition  are  of  no  quantitative  value.  However,  the 
weight  when  calculated  for  10-hour  intervals  and  compared  with  the  average 
for  tiie  experiments  provides  qualitative  information  on  periods  of  signif- 
icantly greater  or  lesser  erosion. 

(3)  Breakers.  The  primary  source  of  breaker  data  was  the  study 
of  the  35-millimeter  slides.  Table  3 shows  the  times  during  runs  when 
slides  were  taken  of  breakers.  After  100  hours  in  experiment  70X-10  and 
115  hours  in  experiment  70X-06,  the  practice  of  taking  a slide  of  the 
breaker  just  before  the  end  of  the  run  was  discontinued.  Knowing  the  sta- 
tion of  landmarks  on  the  tank  wall,  the  slides  provided  sufficient  data  to 
determine  the  position  and  type  of  breakers  thi’oughout  the  two  experiments. 

(4)  Water  Temperature.  After  38  hours  in  experiment  70X-10  and 
throughout  experiment  70X-00,  water  samples  were  collected  at  the  bottom 
and  at  the  water  surface  near  the  toe  of  the  profile  in  the  early  morning 
and  late  afternoon  of  each  test  day. 

b.  Special  Data.  Three  types  of  special  data  were  collected,  and 
Table  2 indicates  the  times  at  which  each  type  was  collected. 

(1)  Profile  Surveys.  After  100  hours  in  both  tests,  profiles 
were  surveyed  along  ranges  0.5  foot  apart  at  Q. 5-foot  intervals  from 
station  -6.5  to  +12.0.  At  200  hours  in  the  10-foot  tank,  and  at  150  and 
175  hours  in  the  6-foot  tank,  the  seaward  limit  of  the  survey  was  extended 
to  19  feet.  These  seaward  distances  were  chosen  to  provide  dense  surveys 
over  the  most  active  part  of  the  profile. 

(2)  Sand  Samples.  In  experiment  70X-10,  sand  samples  were  col- 
lected at  200  hours,  10  hours  before  the  termination,  along  profiles  at 
ranges  1,  3,  5,  7,  and  9 at  1-foot  intervals  from  station  -6  to  0,  at 
5-foot  intervals  from  station  0 to  +25,  and  at  other  prominent  features 
along  each  profile.  In  experiment  70X-06,  sand  samples  were  collected  at 
150  hours,  near  the  end  of  the  experiment,  along  profiles  at  ranges  1,  3, 
and  5 at  intervals  which  varied  from  2 to  3 feet  from  station  -6  to  +2o. 

2 . Data  Reduction. 

a.  Wave  Height  Variability.  All  wave  height  data  collected  in  these 
two  experiments  were  reduced  by  the  manual  method.  Twenty  percent  of  the 
wave  records  were  also  reduced  by  the  automated  method. 

b.  Sediment-Size  Distribution  Data.  All  samples  were  analyzed  in 
the  CERC  Petrology  Laboratory  using  the  RSA.  Approximately  5 percent  of 
the  samples  were  also  analyzed  by  project  personnel  using  the  dry  sieve 
method  as  a quality  control  measure. 

e.  Breaker  Data.  Breaker  type  and  position  were  determined  from  the 
slides.  Using  known  positions  on  the  tank  walls  as  references,  the  sta- 
tion of  the  breaking  point  was  estimated.  Breaker  position  versus  time 
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was  plotted, superposed  on  the  contour  movement  plots  and  the  breaker  depth 
was  then  determined.  Comparison  of  the  contour  and  breaker  position  move- 
ment plots  from  these  two  experiments  with  similar  plots  from  experiments 
71X-06  and  71X-10  where  the  breaker  position  was  determined  and  recorded 
during  each  run,  indicates  that  the  estimates  from  the  slides  were  prob- 
ably within  1 foot  of  the  actual  position. 
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